The role of composition on the oxidation behavior of the Ti-W system at 650°C was investigated utilizing a compositionally graded specimen, Ti-xW (0≤x≤30, all compositions in wt%). Microstructural evolution of the base material and thickness of the oxide layers were assessed as a function of composition. Some of the observations with regard to the evolved base metal microstructure, including:  lath and  rib/precipitates and lamellar structure, were found to be comparable to what is reported for Ti-Mo system. It was also shown that formation of a thinner oxide does not necessarily imply on the lower oxygen ingress.
Introduction
The relatively low oxidation performance and subsequent surface embrittlement rank high among the most important life-limiting characteristics for structural Ti-based alloys at elevated temperatures. The oxidation behavior of Ti-based alloys is influenced by several factors involving both the material (e.g., composition) and the exposure conditions (e.g., time, temperature, atmosphere). To interpret the overall oxidation performance of a material system it a manuscript published as Samimi, P., & Collins, P. C. (2016) . "Oxidation Behavior of Binary Ti-xW (0≤ x≤ 30, wt%) Alloys at 650° C As a is necessary to understand the role of individual constituents, both qualitatively and quantitatively on the different stages of oxidation. The prospect of understanding and predicting oxidation behavior of multi-component Ti-based alloys is rather daunting, given the complex nature of oxidation reactions and the numerous operating mechanisms in multi-component systems. Any prediction must be made on an understanding of the operating mechanisms for, firstly, oxidation behavior in binary systems and, secondly, enhancing/obstructing tendencies of the binary elemental species in the presence of a third element. Thus, an experimental approach has been adopted that maximizes throughput to probe the effect of alloy composition on oxidation behavior while simultaneously holding other variables (e.g., temperature, time, atmosphere) precisely constant [1] [2] [3] .
Although the assessment of oxidation for Ti and simple Ti-based systems have been extensively documented, the majority of the efforts are focused on the oxidation behavior of complex technical alloys (e.g. -21s, Ti-6Al-4V and Ti-aluminides) rather than a systematic exploration of composition space, particularly for the elements that are not common alloying elements for titanium (e.g. W) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . This dearth of binary and ternary systems makes the interpretation of compositionally-mediated operating oxidation mechanisms and near-surface microstructural evolution nearly impossible.
To date, W has not been an elemental constituent to any technically important commercially used Ti-based alloy. This is due to two characteristics, namely its very high density (particularly avoided in aerospace applications) and the difficulties associated with segregation issues in casting or the partial reaction of W particles in powder metallurgy [18, 19] .
Despite the traditional absence of this element in Ti alloys, its influence on the oxidation behavior of Ti aluminide alloys have been investigated in some research efforts [20] [21] [22] . 4 According to Shida et al. [20] , for a mixed TiO 2 +Al 2 O 3 oxide scale formed on a Ti-35.4 wt% Al alloy (containing 1 to 6 wt% W) during oxidation at 900 °C, W segregated into the Ti oxide and led to a slower growth rate for this phase. It was also reported that internal oxidation was prevented in W containing alloys as a result of significant reduction in the oxygen solubility in the intermetallic TiAl systems [20] . The critical concentration of Al required for the formation of a protective Al 2 O 3 oxide layer in Ti-Al alloys can be reduced by addition W as it increases the activity of Al and acts as sintering aid for the formation of Al oxide [1, 20, 21] .
The purpose of this study is to assess the influence of the concentration of W (across a wide composition range) on the oxidation properties of Ti-xW binary compositions at 650 °C using a compositionally graded binary Ti-xW (0 ≤ x ≤ 30 wt%) specimen. The Laser Engineered Net Shaping (LENS™) was employed to achieve this goal. The advantage of such a systematic approach is to maintain identical testing conditions across the composition range and to avoid potential experimental variability regarding time, temperature and atmosphere. Both the oxide scale and the metal substrate were characterized using advanced characterization techniques to assess different aspects of oxidation and oxygen-mediated reactions (e.g., phase transformations) as a function of local average composition. Although this paper is focused on the influence of composition on the oxidation behavior of Ti-W system, where relevant the evolution of the bulk microstructure will also be discussed relative to the parent microstructures.
Such a combinatorial approach and utilization of simple binary systems provide mechanistic insights for the subsequent understanding of the oxidation behavior of more complex Ti-based alloys (i.e. commercially available alloys). The present work is part of a more inclusive project on the oxidation assessment of other binary Ti-X systems (X=selected alloying element) including Ti-Mo, Ti-Cr and Ti-Al [23] [24] [25] [26] , though correlations with industrially used 5 alloys has been drawn [27] . Briefly, these three systems were selected because the alloying elements Mo, Cr, and Al represent the three distinctive types of elements in Ti-based alloys, namely a monotectoid -stabilizer (Mo), a eutectoid -stabilizer (Cr), and an -stabilizer (Al).
Similar to Mo, W is a monotectoid -stabilizer, and it is thus reasonable to expect some common observations with Mo, especially when considering the subsurface microstructural evolution.
Experimental Methods
A compositionally graded Ti-xW (0 ≤ x ≤ 30 wt%) specimen was produced using an Optomec LENS™ 750 at the University of North Texas from high purity elemental metal powders of Ti (99.9% pure, -150 mesh from Alfa Aesar) and W (99.8% pure, plasma spray grade from Micron Metals). The LENS™ technology uses a computer-aided design (e.g. CAD) file from which a machine code tool path can be generated for the subsequent laser deposition of three-dimensional components. The CAD file is first translated into a *.stl file, and subsequently sliced into a sequence of layers with a nominal thickness of 0.25 mm. Each layer consists of multiple parallel lines with a nominal hatch width of 0.38 mm. The tool path information that is generated with these variables is communicated to the computer-controlled motorized stage and a deposition head (consist of focusing lens and powder nozzles). The 2D (x,y) in-plane motion of the stage accompanied by -z vertical motion of the deposition head produce near-net-shape metallic pieces.
The LENS™ is equipped with two independently controlled powder feeders which were loaded with pure Ti powder in powder feeder #1 and with a Ti-30W mechanically mixed elemental powder blend in powder feeder #2. An inert gas (here Ar) carries the powders from powder feeders into a controlled atmosphere box. The fluidized powders are injected (via four convergent Cu nozzles) into a localized melt pool created by a focused high energy Nd:YAG 6 laser (350-500 Watts). A 6 mm thick Ti-6Al-4V substrate was used as the base for laser deposition of the powder blend and in-situ alloying.
The oxygen level was maintained at a level below 20 ppm throughout the deposition and the specimen was deposited in the form of a 38 mm × 25 mm × 12 mm rectilinear solid. The independent computer control of the powder flow rate allows for pre-programmed incremental changes in the relative mass flow rate from powder feeders and consequently variation in the local composition along the length of the sample. The final product produced for this research effort was a compositionally graded Ti-xW specimen where x ranges between 0-30 wt%.
The specimen was longitudinally sectioned into several pieces (thus conserving the composition range in every piece, see Fig. 1(a) ) and subject to a  solution heat treatment at 975 °C for 100 hr followed by water quenching. The solutionization temperature was selected to be well above the beta transus for every composition along the gradient. The time was selected to allow for sufficient diffusion of W, a notoriously slow diffusing element in Ti, and the water quench was conducted to allow for a more fundamental comparison among different binary titanium systems. To minimize oxidation, the samples were encapsulated in an evacuated and Ar back-filled quartz tubes. In addition, Ar was flowing constantly through the tube furnace during the solution heat-treatment (see Fig. 1(b) ). Several pieces of titanium sponge were also placed in the quartz tube to getter up the residual oxygen and further protect the specimen from oxidation during extended solution heat treatment. Following solutionization, the samples were polished prior to the oxidation tests to assure that the exposed metal surface was flat and uniform. The samples preparation steps included grinding using 240-800 grit SiC abrasive papers followed by polishing with 0.04 colloidal silica suspension. Cleaning of the samples following grinding and 7 polishing was carried out using a sequence of solutions starting with acetone, followed by water+surfactant, and finally with methanol.
The polished and cleaned samples were oxidized at 650°C for three different holding times of 25, 50 and 100 hr. The oxidation tests were carried out in a box furnace and the samples were placed with the polished surface oriented upward and exposed to still laboratory-air. The samples were cross-sectioned after oxidation tests and the cross section of the oxidized surface was polished following the aforementioned steps.
The microstructure and composition of the oxide scale and metal substrate were characterized using a field emission gun (FEG) FEI™ Nova NanoSEM 230 with an integrated energy dispersive spectrometer (EDS) as well as a Tecnai G2 F20 TEM operating at 200 kV accelerating voltage. The TEM was equipped with both a high angle annular dark field (HAADF) STEM detector and energy dispersive spectroscopy (EDS) capability. Site-specific TEM samples were prepared using an FEI DualBeam™ (FIB/SEM) Nova 200 NanoLab.
Results and Discussion

a) Microstructural evolution of the base material
The electron backscattered micrographs showing the microstructure of six selected compositions after solutionizing and water-quenching are presented in Fig. 2(a-f) . It can be seen that the microstructure consists of martensite laths upon quenching across the entire studied composition range. Depending upon composition, two different types of martensites (i.e., hexagonal ' and orthorhombic ") are possible in Ti-based alloys. In this system, it is expected that the hexagonal ' will form for compositions below 7.5 wt% W and orthorhombic " martensite will form for compositions above 7.5 wt% [28] . The martensitic structures become 8 unstable in Ti-based alloys when the martensite finish temperature (M f ) drops below room temperature, often followed by the onset of a decomposition of the parent bcc  phase to .
Given the relatively little research into the Ti-W binary system, there is no general agreement in the literature regarding the beginning and ending composition of  formation in the Ti-W system. The onset of athermal  formation upon quenching from solutionizing temperature has been reported to be 23.7 wt% W, according to Collings [29] and 20 wt% W according to Bagariatskii et al. [30] . For complete  retention, W contents of 22.4, 25 and 30 wt% are reported in the literature [31] [32] [33] . Figs. 4(a,b) ). It can be seen that the inter -lath  phase particles/ribs in Ti-W system are significantly smaller in size, likely due to the relative diffusivity of the two elemental species.
The presence of nano-scaled  phase particles within the  laths was also previously observed in the case of Ti-Mo system [23] and was attributed to the ingress of oxygen into the 9 metal substrate during oxidation exposure that drastically alters the partitioning coefficient of the alloying between the  and the  phases (strong rejection of the alloying element from  phase) and creates a large thermodynamic driving force to favor the homogeneous nucleation of  precipitates in  phase. The same hypothesis (oxygen assisted precipitation of  in ) is postulated for the Ti-W system, given the similarities of the post-oxidation microstructures.
However, the composition ranges over which this phase transformation occur is different. In the Ti-Mo system, the oxygen-assisted precipitation of intra-lath  particles is observed for the compositions below ~7.5 wt% Mo while this composition limit is extended up to ~25 wt% W in the Ti-W system. This difference is directly related to the stability of the martensites of the two systems, confirming that fundamental aspects of the starting microstructure govern the influence of oxygen on the resulting microstructural evolution. In addition to the homogenous precipitation of intra-lath particles, the  phase also precipitates as discrete particles that decorate the defect structures of the supersaturated martensite (i.e. twins and dislocations) as shown in Figs. 5(a,b) . °C. It is apparent that the evolution of the base material beneath the oxide scale and the overall morphology of the phases present are quite similar to the observations made for the oxidation time of 25 hr in Fig. 3(a-d) for the identical compositions. It is interesting to note that although the maximum concentration of W in the compositionally graded specimen was intended to be 30 wt%, higher contents of W was captured at the top portion specimen (corresponding to the solute rich region). This can be caused by the gradual segregation of the mechanically mixed Ti and W powders in the powder feeder hoppers during the deposition resulting in the local deviation from the targeted composition. For the Ti-33W composition region, a distinctive Widmanstätten-type microstructural morphology was observed. There is also an increase in the volume fraction of the  phase for longer oxidation exposure times, as evidenced when comparing Ti-3W in Fig. 6 (50 hr) and Fig. 3 (25 hr) . This observation is consistent with the rejection of W from the -phase upon ingress of oxygen, consistent with previous results made on the Ti-xMo system. Similar trend for microstructural changes was observed as the oxidation time was extended up to 100 hr.
Another distinct microstructural feature observed in the graded Ti-W specimen after high temperature exposure is an  lamellar structure resembling a prototypical morphology resulted from a cooperative growth mode (e.g. eutectoid transformation). Figure 7(a,b) show the presence of such morphology in a Ti-22W component after the oxidation time of 25 hr. This lamellar structure which was also observed in the case of Ti-Mo system [23] and is understood to be a product of discontinuous precipitation where the parent microstructure consisting of  phases is being consumed and the identical phases (i.e. ) are precipitating but with a different morphology and, importantly, a different composition (i.e., higher O in the , higher W in the ).
However, notable differences are observed when comparing the two systems regarding the locations and the composition range over which this lamellar morphology forms and develops. In the Ti-Mo system nucleation of the lamellar structure happens in the regions with high concentration of oxygen (i.e. regions in a close proximity to the surface and grain boundaries of the prior  grains) for the compositions above 7.5 wt% Mo. For the Ti-W however this phase transformation takes place near to the partially reacted W particles either close to the surface or in the bulk regardless of the local average composition.
It was previously shown that the formation of similar lamellar α/β structure is an oxygeninduced phase transformation (i.e., a discontinuous precipitation reaction) [23] and presence of this remarkably similar morphology inside the bulk and away from the oxidized surface is not expected. Thus there must exist another oxygen source that triggers the formation of this lamellar structure around the partially reacted W particles, regardless of their location within the specimen. One hypothesis is the retention of tungsten oxide phase (WO 2 ) on unmelted W powder particles during the deposition, considering the higher melting point of this oxide compared to pure Ti. Such unmelted particles are expected to exist at low energy densities, given the presence of relatively cold liquid due to short reaction times and complex convective flow patterns. Such an oxide layer can ultimately react with the surrounding Ti matrix during extended high temperature exposure and release the atomic oxygen. Figure 8 shows an EDS line scan recorded across the interface of an unmelted W particle and Ti matrix in the solution heat treated and water quenched specimen. Although the contrast associated with the presence of tungsten oxide phase is not visible at the interface (apparently due to the small oxide uptick), It is clear that the concentration of O is slightly higher around the interface area which supports (but does not definitively prove) the aforementioned hypothesis about the potential source of required oxygen for discontinuous precipitation of α+β.
b) Oxide scale
The thickness of the oxide scale was measured across the composition range for the three exposure times and plotted as a function of W content (see Fig. 9 (a) ), to assess the influence of W on the scaling behavior of Ti-W system. The reported scale thickness values are averages of six independent measurements taken from the cross-section SEM images for each composition, as they are shown for the three selected components in Figs. 9(b-d) . It is apparent that plots of scale thickness for all three exposure times follow a similar trend, ranging from ~1.5 m scale thickness for low W contents to ~50 nm for Ti heavily alloyed with W. For an identical composition, no major variation in the scale thickness is observed with the passage of time from 25 to 100 hr which is consistent with the parabolic growth rates, commonly observed for the commercial  Ti alloys such as Ti-6Al-4V and Ti-6242 for similar temperature ranges [34, 35] .
It is well established that the parabolic oxidation rate law is predominantly associated with the diffusion of oxygen into the metal substrate and which is considered to be the rate determining factor and the subsequent establishment of an oxygen concentration gradient owing to the presence of a relatively thin oxide layer and larger diffusivity of O in the scale rather than the metal (~50 times higher) [36] . After the metal substrate is saturated and the oxygen concentration of the interface reaches a critical level, there will be a transition from parabolic to linear oxidation rate law accompanied with heavy oxide formation. The linear oxidation stage is governed primarily by nucleation and growth of the oxide and for which the diffusion of the ionic species across the scale becomes the predominant rate determining factor [37, 38] . Accordingly, any parameter that can suppress diffusion of oxygen in the metal substrate and retard the onset of linear oxidation stage would decrease the scaling rate, e.g. lowering the oxidation temperature, including alloying elements that reduce oxygen solubility in Ti [36, [38] [39] [40] [41] [42] . As shown above, the addition of W leads to the reduction of the scaling rate, presumably as a consequence of lowered O solubility in Ti, and thus postpones the starting point of the linear oxidation stage and heavy oxide formation. In addition smaller number of Ti cations in the rutile lattice and their lower mobility as a result of the presence of W cations could further hinder the ionic transportation through the oxide scale [43] .
Care must be taken while interpreting the results, and quantitative assessments of oxygen ingress into the metal substrate must be coupled with scale thickness measurements to reveal the 13 actual influence of W on the overall oxygen uptake, including both the O consumed by the formation of the oxide and the O dissolved in the metal substrate.
Cross-sectional STEM micrographs of the oxide scale and metal substrate for a Ti-3W composition, oxidized for 100 hr are presented in Figs. 10(a-c) . The oxide scale consists a compact outer layer and a porous inner layer. Considering the fact that the oxidation reaction progresses with the inward migration of oxygen anions and the metal/oxide interface is the oxidation front, the compact outer region was the oxide formed on the metal surface in the early stages of oxidation followed by the porous layer. The noticeable change in the compactness of the oxide is attributed to the sintering and recrystallization of the initial oxide crystals during the prolonged high temperature exposure of the oxide [38, 42] . The presence of the nano scale interlath  phase particles in the subsurface microstructure is clearly evident, and strongly resembles observations of the monotectoid Ti-xMo study. Fig. 11 are STEM micrographs recorded from the cross-section of the oxidized surface for a Ti-25W composition oxidized for 100 hr oxidation. The morphology which can be referred to as "Widmanstätten" can be seen in the base material unlike Fig. 10 (for Ti-3W).
Shown in
There also exists a considerable variation regarding the size of  phase particles, moving from surface towards the bulk. The presence of oxide crystals was observed ahead of the oxidation front (i.e., isolated crystals enveloped within in the metal substrate) within the first ~500 nm distance from the metal/oxide interface which indicates clearly that internal oxidation phenomenon has taken place. The TEM specimens prepared from Ti-3W (see Fig. 10 ) and Ti-12W compositions (not presented) however were free of internal oxides. This is rather surprising since the addition of W is reported to decrease the O solubility of Ti and thus reduces the internal oxidation susceptibility in the Ti aluminides. Furthermore, one of the requirements for the 14 occurrence of internal oxidation is to have a solute element with a thermodynamically more stable oxide scale compared to the base metal [44, 45] . Notably, this requirement is not satisfied in the case of Ti-W system where the oxide stability of solute, i.e. W, is considerably higher than that of base metal, i.e. titanium. Thus, this result is quite surprising and contradicts the requirement.
According to the results of oxide thickness versus W concentration (see the plot shown in Fig. 9 ), higher contents of this alloying element would reduce the scaling rate of Ti. On the other hand, the observation of internal oxidation for Ti-25W implies a higher level of oxygen ingress compared to the alloys with lower solute levels (e.g. Ti-3W and Ti-12W). This is an example of anomalous oxidation behavior in Ti alloys where larger amount of dissolved oxygen in the metal substrate does not necessarily correspond with a higher scaling rate. If oxide is born internally, as discrete oxide grains, its morphology is preserved even after it is incorporated into the oxide scale (external oxide). Importantly, this morphology cannot be protective and act as a barrier to oxygen diffusion during the high temperature exposure. Thus, internal oxidation significantly degrades the oxidation performance of the alloy and is strongly avoided in high temperature applications. Further studies are required to reveal the mechanism of this unexpected internal oxidation. One might attribute this to the high volume fraction of W stabilized  phase underneath the metal/oxide interface, considering the faster diffusion rate of oxygen through  compared to  phase [5, 46, 47] .
Conclusions
Rapid assessment of the influence of W content on the oxidation behavior of Ti was conducted using LENS™ technology and the following salient conclusions have been drawn: 15 1. Different morphologies evolved during the high temperature exposure across the composition range including:  lath and  rib/precipitates (inter-and intra-lath), lamellar structure that forms around the partially melted W particles and Widmanstätten  and  for very high concentration of W.
2. In general, and as expected, the observations made regarding the microstructural evolution of the base metal in Ti-W system are comparable to those of the Ti-Mo system including: precipitation of fine scale particles within the  laths and formation of / lamellar structure as a result of discontinuous precipitation with a cooperative growth mode. This means that it may be possible to draw some generalized conclusions regarding the type of alloying element and the resulting response to oxidation for Ti-based alloys. The composition ranges associated with these distinctive morphologies are quite different: precipitation of  in  is not only limited to the subsurface region and the lamellar structure predominantly form in the regions around the partially reacted W particles regardless of the location.
3. The scale thickness follows a descending trend with increase in W content and appears to be unresponsive to the oxidation exposure times ranging between 25-100 hr, indicative of parabolic oxidation rate law.
4.
Internal oxidation takes place for very high solute levels (e.g. Ti-25W) where the base material has a Widmanstätten morphology. This phenomenon indicates that the lower scaling rate (observed for high W contents) does not necessarily imply on the lower oxygen ingress into the metal and these two could follow an opposite trend under certain condition. View publication stats View publication stats
